We have previously shown that Golgi apparatus vesicles transport nucleotide sugars and nucleotide sulfate into their lumen. These transport activities are organelle and substrate specific and are characterized by apparent Km for nucleotide derivatives in the low micromolar range. As part of our goal of purifying and characterizing the above transport proteins, we have reconstituted a protein extract from rat liver Golgi membranes into phosphatidylcholine liposomes. The resulting proteoliposomes transport CMP-N-acetylneuraminic acid (CMP-AcNeu) and adenosine 3'-phosphate 5'-phosphosulfate with very similar affinity and inhibition characteristics as intact Golgi vesicles. Sialic acid and sodium sulfate, which are transported only very slowly into the lumen of Golgi vesicles, are transported at low rates by the reconstituted proteoliposomes. Neither rough endoplasmic reticulumderived vesicles nor proteoliposomes made from proteins of the rough endoplasmic reticulum transport CMP-AcNeu. The above results demonstrate that this reconstituted system can be used for further purification and characterization of nucleotide sugar and nucleotide sulfate translocator proteins. This approach should also be useful to study membrane transport proteins of lysosomes and endosomes.
Previous studies in vivo and in vitro using purified Golgi apparatus vesicles have provided evidence for the existence of nucleotide sugar and nucleotide sulfate transporter proteins in the Golgi membrane (1) . The role of these transporters is to translocate the above nucleotide derivatives from their sites of synthesis in the cytosol [except for CMP-N-acetylneuraminic acid (CMP-AcNeu), which is synthesized in the nucleus] (2) into the lumen of the Golgi apparatus, where glycosylation and sulfation of proteins and lipids are known to occur (3) (4) (5) . The principal characteristics of the transport in vitro of nucleotide sugars and nucleotide sulfate into Golgi vesicles are organelle specificity, solute specificity, solute affinity for and saturability ofthe transport process (apparent K), and inhibition by solute analogs and other compounds (1) .
The mechanism of translocation appears to be via an antiporter: a coupled, equimolar exchange occurring with the corresponding luminal nucleoside monophosphate (6) . The physiologic relevance of these transport reactions was demonstrated by the characterization of mutant Chinese hamster ovary cells specifically defective in Golgi transport of CMPAcNeu and UDP-Gal and that showed a corresponding defect in glycosylation of proteins and lipids in vivo (7, 8) .
Purification and characterization of the above transport proteins is necessary to (i) determine their localization within the Golgi apparatus itself and their relationship with the corresponding glycosyltransferases, (ii) understand the mechanism of transport, and (iii) determine whether or not the transporters are subject to regulation and thereby affect the extent of glycosylation and sulfation of lipids and proteins.
One would expect the above described transport characteristics to prevail in a successful reconstitution of Golgi membrane proteins into liposomes. Our strategy for this goal was to solubilize the bulk of Golgi membrane proteins with detergent and to incorporate them into phosphatidylcholine liposomes. The resulting proteoliposomes were able to transport CMP-AcNeu and adenosine 3'-phosphate 5'-phosphosulfate (PAPS) with affinity and inhibition characteristics very similar to those of intact Golgi vesicles, demonstrating that this system can be used for further purification and characterization ofthe above nucleotide sugar and nucleotide sulfate translocator proteins.
MATERIALS AND METHODS
Radioactive Materials. The following radioactive materials were purchased from DuPont, New England Nuclear: CMP-[9-3H]AcNeu, 13.6 Ci/mmol ( (9) . [5'-32P]PAPS, 1.4 Ci/mmol, was prepared as described using [a-32P]ATP as precursor (10) .
Isolation of Golgi Vesicles and Preparation of a Golgi Protein
Extract. Golgi vesicles were isolated from =100 g (wet weight) of livers from Sprague-Dawley rats (11 (14) .
Sialyltransferase was assayed as reported (5) .
RESULTS
Golgi Proteoliposomes are Selective in Solute Transport.
Proteoliposomes were prepared by using Triton X-100 solubilized bulk Golgi membrane proteins and phosphatidylcholine liposomes. These proteoliposomes were able to transport CMP-AcNeu (Table 1) . Transport was temperature depen- (9, 15) , showed a similar behavior with Golgi proteoliposomes. Proteoliposomes prepared with membrane proteins from the rough endoplasmic reticulum were inactive toward transport of CMP-AcNeu, similar to rough endoplasmic reticulum vesicles (16) . Freeze-thawed liposomes alone or solubilized Golgi membrane proteins, from which Triton X-100 had been removed, were inactive in the transport of CMP-AcNeu. Together, these experiments demonstrate that Golgi proteoliposomes can translocate CMP-AcNeu into their lumen.
Translocation of CMP-AcNeu into Golgi Proteoliposomes Is Saturable. We next determined whether the transport of the CMP-AcNeu into Golgi proteoliposomes was saturable and, if so, whether the affinity of this process was similar to that of Golgi vesicles. Transport of CMP-AcNeu into proteoliposomes was linear with time (up to 6 min) and with protein within a range of 0.05 and 1.2 mg. As shown in Fig. 1 , transport of CMP-AcNeu was saturable with an apparent Km of 1.5 kLM (Hofstee plot). This was very similar to the value 100- Table 2 shows that these inhibitors were active, to a similar extent, with proteoliposomes and Golgi vesicles. Physical Characterization of Proteoliposomes. We next determined that the transport of CMP-AcNeu into proteoliposomes was into a population of vesicles that arose after freeze-thawing of the mixture of liposomes and Golgi proteins, and not into liposomes alone or mixtures of liposomes and Golgi proteins that had not been freeze-thawed. As shown in Fig. 2 (Left) , the elution profile on a Sephadex CL-4B column of radiolabeled phosphatidylcholine, following proteoliposome reconstitution, showed two peaks. One peak eluted in the void volume (peak I), while the other one was included in the column (peak II). When the Golgi protein and phosphatidylcholine liposomes were not subjected to freeze-thawing cycles but immediately applied to the column, all the radiolabeled phosphatidylcholine was included in the column, as expected for a population of small unilamellar vesicles (data not shown). Together, these results show that the phosphatidylcholine-containing vesicles, eluting in the void volume, are proteoliposomes formed during freeze-thawing.
Fractions containing peaks I (fractions 21-31) and II (fractions 32-34) as well as those containing mainly proteins [peak III (fractions 45-60) and IV (fractions 61-70)] were pooled and assayed separately for CMP-AcNeu transport. As shown in Fig. 2 (Left) , only the pooled fractions from peak I representing proteoliposomes had significant transport activity. These proteoliposomes appeared by electron microscopy, with negative staining, as a homogenous population of unilamellar vesicles with a mean diameter of 150-200 nm (Fig. 2 Right) .
CMP-AcNeu Transport into Proteoliposomes Is Stimulated by Luminal CMP. CMP-AcNeu translocation into the lumen of Golgi vesicles has been shown to occur via a coupled exchange with luminal CMP (6) . To obtain evidence for such reaction in proteoliposomes, liposomes were prepared in the presence or absence of 5'-CMP in buffer B before swelling. The rate of CMP-AcNeu transport into proteoliposomes containing 100 jM luminal CMP was 70 pmol per mg of (11.6 Al per mg of protein) it was calculated that the concentration of CMPAcNeu in the lumen, following a 5-min incubation at 30TC, was 6 AM, 3 times larger than that of the incubation medium.
Thus, proteoliposomes are able to concentrate CMP-AcNeu against a concentration gradient similarly to (although less efficiently than) Golgi vesicles and consistent with an antiport mechanism.
Golgi Proteoliposomes Transport PAPS. To determine whether the above described proteoliposomes were also active in transport of other nucleotide derivatives, we measured their ability to transport PAPS. This is the substrate for protein and proteoglycan sulfotransferases (17) and has been shown to be transported across Golgi vesicle membranes (10) .
In preliminary experiments, we found that incubations of Golgi proteoliposomes with [35S]PAPS resulted in 100-fold higher amounts of 35S-labeled solutes associated with proteoliposomes than those incubations with Na235SO4. In these incubations, the majority (75%) of the radiolabeled sulfur became covalently linked to macromolecules. Because we were unable to quantify what proportion of this transfer occurred on the outside of the proteoliposome membranes, [5'-32P]PAPS was synthesized and used for subsequent transport studies. This substrate measures only transport and will not yield radiolabeled macromolecules upon transfer of the sulfate to endogenous macromolecular acceptors of the proteoliposomes. As shown in Table 1 , proteoliposomes were able to transport [5'-32P]PAPS in a temperaturedependent manner. Transport of PAPS into Golgi vesicles and proteoliposomes was inhibited by substrate analogs such as 5'-ADP and 3',5'-ADP but not 3'-AMP; transport was inhibited by DIDS to a very similar extent (Table 2) . Transport of PAPS into proteoliposomes was saturable with an apparent Km of 2.3 ,uM (Hofstee plot), a value very similar to that of Golgi vesicles (1.3 ,uM) (Fig. 3) . Over 90% of the radiolabeled solutes within proteoliposomes were [5 32p] PAPS as determined by thin-layer chromatography (data not shown). Based on the internal volume of proteoliposomes, it was calculated that PAPS was concentrated 6-fold in their 120 E20 "~80 s~~~~~~~5 10 15 202 /~~~~~~PAPS (ztM) (Inset) Saturation curve for total transport into Golgi vesicles measured as described (13) . lumen over the concentration in the incubation medium (1 gM). DISCUSSION We have shown that Triton X-100 solubilized rat liver Golgi membrane translocator proteins for CMP-AcNeu and PAPS can be incorporated in a functional manner into liposomes. This reconstitution approach should be applicable to the study of other translocator proteins of the Golgi membrane as well as those of lysosomes and endosomes (18) .
Important features of the above described reconstitution are the similarity of proteoliposomes compared to Golgi membranes in their solute selectivity, affinity, and specificity toward CMP-AcNeu and PAPS transport inhibitors. These nucleotide derivatives also maintained their transport selectivity across membranes such as those from the endoplasmic reticulum because they were not translocated into proteoliposomes made with proteins from this organelle.
Although the Vmax for the transport of CMP-AcNeu into proteoliposomes appeared to be 10 times less than that for Golgi vesicles, this value is an underestimate. (i) In Golgi vesicles, one-half to two-thirds of the transport of CMPAcNeu into the lumen is followed by transfer of AcNeu to endogenous macromolecular acceptors; in proteoliposomes, no transfer of AcNeu to endogenous acceptors was seen. This could be the result of disruption by the detergent of the CMP-AcNeu transporter and sialyltransferase complexes (or their acceptors) because we know that sialyltransferases remain active when monitored with exogenous acceptors. (ii)
Only one-half of the available CMP-AcNeu transporters are oriented in the proteoliposomes with their correct topography. This is inferred from the observation that only half of sialyltransferases in proteoliposomes are luminal (while the remainder face the outside). (iii) Approximately 10% of the membrane proteins are actually incorporated into the lipid bilayer of the liposomes. (iv) A significant amount of CMPAcNeu is degraded during incubations with proteoliposomes (40% after 5 min at 30TC), while it remains essentially intact in incubations with Golgi vesicles; therefore, less CMPAcNeu is available for translocation into proteoliposomes compared to Golgi vesicles.
The mechanism of transport of CMP-AcNeu into the lumen of Golgi vesicles has been described as being an equimolar exchange with luminal CMP. Although proteoliposomes containing luminal CMP showed a 3-fold higher rate of transport per mg of protein than those without CMP, consistent with this antiport mechanism, a number of questions remain unanswered. These include why proteoliposomes without exogenous CMP transport CMP-AcNeu at all. One possibility is that sufficient CMP remains bound to membrane proteins to drive the transport reaction of CMP-AcNeu. Another is that the translocator is a "leaky antiporter" and can complete the transport cycle without counter transport.
The same phenomenon appears to occur with the PAPS transport system. Until the transport proteins are further purified, the answers to this question will not be known.
The reconstituted PAPS transport system showed differences with that of CMP-AcNeu: with PAPS, in addition to transport, there was transfer of sulfate to endogenous macromolecular acceptors. This is similar to the behavior with Golgi vesicles, although in proteoliposomes transfer to macromolecular acceptors occurred on both sides of the membrane. Because of this added difficulty, transport of PAPS was routinely measured by using a radioactive label in an atom that was not covalently transferred to endogenous macromolecules (phosphorus). Another difference with the reconstituted CMP-AcNeu transport was the similarity of the Vmax for PAPS transport into proteoliposomes compared to Golgi vesicles. This is because there is much less breakdown Biochemistry: Milla and Hirschberg
